Fibre Bragg grating (FBG) temperature sensors have already shown short-term radiation tolerance in nuclear environments. However, the effect of long-term irradiation needed to be investigated. We therefore characterized multiplexed FBG temperature sensors inserted early 2000 in an irradiation channel of a low flux nuclear reactor. After 50 months, we show that the sensors still operate satisfactorily and that the measured drift is lower than 3
Introduction
The nuclear industry shows growing interest in the possibilities offered by fibre sensing technology for monitoring applications in hazardous nuclear areas [1] [2] [3] [4] . Typical applications for fibre optic strain sensors include structural integrity monitoring of the containment buildings and waste repository monitoring. Radiation-induced attenuation in optical fibres could also be used to build on-line gamma dosimeters [5] [6] [7] . Fibre optic temperature sensors could also help the monitoring and safety control of nuclear installations.
Commercially available fibre optic sensors may need to be redesigned to withstand substantial radiation doses, in particular when their working principle relies on broad spectrally encoded and intensity-based measurements [8, 9] . Fibre optic sensors that spectrally encode the sensing information in a narrow band of wavelengths ( λ < 5 nm) should have a higher radiation acceptance level owing to their insensitivity to broadband radiation-induced losses. Fibre Bragg grating (FBG) sensors were, from this point of view, a very promising candidate. Therefore, we extensively evaluated FBG sensors in various nuclear environments, both gamma and mixed gamma-neutron fields [10] [11] [12] [13] [14] [15] . Our results showed the radiation tolerance of commercial off-the-shelf FBG temperature sensors written in naturally photosensitive optical fibres during accelerated irradiation tests. However, predicting the response of components or systems exposed to low dose rate ionizing radiation based on accelerated tests is often very difficult [16] . In this paper, we present our inreactor core temperature measurements with FBG sensors, in operation since January 2000. These sensors were exposed to low dose rate mixed gamma-neutron radiation for more than 3 years. This paper presents a short review of radiation effects on FBG sensors, followed by a demonstration that Bragg gratings can withstand long-term exposure to moderate nuclear radiation flux. 
Fibre Bragg grating temperature sensors for nuclear environments
When illuminated with a broad spectrum, FBG sensors reflect a narrow band of wavelengths centred around the so-called Bragg wavelength λ B , given by λ B = 2n eff , where n eff is the effective refractive index and is the grating period. The Bragg wavelength varies linearly with temperature with a temperature sensitivity of about 10 pm • C −1 [17] . Nuclear radiation produces in the optical fibre similar defects to those involved in the FBG writing process. The exposure of a FBG to ionizing radiation results in a change of the refractive index along the grating and typically induces a shift of the Bragg peak towards longer wavelengths [1, 10, 14, 18] .
The radiation sensitivity of FBGs strongly depends on the chemical composition of the fibre and on the photosensitization technique used for their fabrication. FBGs written in naturally photosensitive optical fibre have shown the best radiation tolerance in terms of a minimal Bragg peak shift and of the stability of their spectral characteristics.
Under gamma radiation, the Bragg peaks shift towards longer wavelengths. This shift saturates at a dose-ratedependent level [10] . The temperature sensitivity remains unaffected [18] [19] [20] while its full spectral width at half maximum (FWHM) remains stable during and after the irradiation at several dose rates and total gamma doses [10] .
When exposed to neutrons, the centre wavelength of FBG sensors also shifts towards the red but the sensors can withstand a fast neutron fluence up to 10 20 neutron cm −2 [1, 12, 19, 20] . Gusarov et al showed that for FBGs written in photosensitive fibre, without any pre-or post-writing treatment, the Bragg peak shift still saturates and that these FBGs have a lower sensitivity to mixed low gamma-neutron fluences [12] .
Experimental set-up
The FBG temperature sensors were inserted in the BR1 reactor at SCK· CEN (Mol, Belgium), shown in figure 1(a). This aircooled, graphite-moderated nuclear reactor is mainly used as a neutron reference source for reactor physics experiments and calibration purposes. The reactor operates at a mean thermal power of 700 kW, 7 hours/day and maximum 5 days a week. The temperature of the graphite is permanently monitored for safety reasons. Temperature measurements are performed by calibrated iron-constantan thermocouples.
In January 2000, FBG temperature sensors written with different pre-irradiation and post-irradiation techniques, given in table 1, were inserted in the Y51 irradiation channel (see figure 1(c) ). We made a 76 cm long and 6.5 cm diameter graphite rod with two thermocouples and two gratings, labelled FBG 3 and FBG 4 (see figure 1(b) ). The FBG sensors were connected with their instrumentation using a 3 cm diameter Thermocouple  TC1  TC2  TC3  TC4 aluminium tube. Two additional thermocouples were placed inside this tube with the corresponding FBG temperature sensors, called FBG 1 and FBG 2. At those very low neutron fluences, the thermocouple characteristics are known to be stable. The FBGs were characterized using different measurement set-ups. First, the sensors were also spectrally measured using a broadband source and an optical spectrum analyser AQ6314A. Then, they were measured in reflection using a FBG-IS system (Micron-Optics, USA), which consists of a broadband LED and a fibre Fabry-Perot tunable filter with an internal reference. It achieves a 10 pm wavelength accuracy. Finally, we used a high resolution optical sensing analyser si720 (Micron-Optics, USA) to record the FBG spectra after more than 4 years of continuous irradiation.
Irradiation conditions
During the dose deposition process, the interaction in matter of non-charged particles, such as gamma rays and neutrons, proceeds roughly in a two-step process comprising first the transfer of neutron kinetic energy to charged particles, and second the deposition of that energy as the ions come to rest. The kerma, acronym for 'kinetic energy released in matter', and absorbed dose describe these processes, respectively. They are used to model the response of systems to neutron radiation. Actually, the concept of kerma has been introduced as an auxiliary quantity since the dose deposition can only take place via charged secondary particles. We refer to the International Commission on Radiation Units and Measurement (ICRU) [21] and to Dorschel et al [22] for a careful definition of these concepts. The kerma factor is defined as the kerma per neutron fluence, i.e. expressed in Gy per unit of particle fluence.
When charged particle equilibrium exists in the material at the point of interest, the fibre core in our case, and bremsstrahlung losses are negligible as well as the kinetic energy of the particles produced by nuclear reactions, the kerma equals the absorbed dose at that point [21] :
where B is the bremsstrahlung energy, KF E is the kerma factor, which is a function of the energy E and φ E is the particle fluence. The kerma factor, normalized to the energy, is about 10 −12 Gy n −1 cm 2 MeV −1 . In our experiment, the absorbed dose originating from the neutrons is estimated to be approximatively 10% of the gamma total dose.
Gamma dosimetry has been performed using Red 4034 Perspex Harwell dosimeters in the mixed gamma-neutron field. During the operation of the reactor, the gamma dose rate has been measured to be about 2. Figure 4 . FBG4 spectra measured before and after more than 4 years of irradiation. The first spectrum was measured using a broadband source and an ANDO AQ6315 optical spectrum analyser (resolution 50 pm). The second spectrum was recorded using an optical sensing analyser Si720 from Micron Optics (resolution 2.5 pm). It is important to note that the ANDO AQ6315 was not wavelength calibrated. The absolute precision of this first measurement is ±0.5 nm. Total neutron fluence 9.9 × 10 17 n cm 
Results and discussion
We spectrally measured the FBG sensors more than 4 years after their insertion in the nuclear reactor to assess their longterm reliability. The spectral measurements are given in figure 3 . FBGs written in naturally photosensitive fibre without any treatment have shown the lowest radiation sensitivity during the previous measurement campaign in terms of Bragg peak shift [12] . The conclusion we drew from the FBG short radiation tolerance assessment remains true on a long-term basis.
In figure 3 , we observe that gratings FBG3 and FBG4 sustained the long-term irradiation. The strongest radiation effect was observed at the initial stage of the experiment. After 30 months of irradiation, the change in the FBG4 FWHM was found to have saturated and stabilized, as shown in figures 4 and 5. Due to the nuclear radiation, the centre wavelength shifted to the red but this shift saturated as well. The temperature sensitivity remains unaffected by low flux gamma neutron environments, as shown in figure 6(a) . The temperature evolution in the irradiation channel is computed using the temperature sensitivity obtained during the FBG calibration in January 2000 and summarized in table 1. When the reactor is operated at full power (i.e. 1 MW), we see the difference between TC4 and FBG4 as shown in figures 7 and 6(b). Since the axial location of the FBGs and the corresponding thermocouples are not exactly the same, these peaks correspond to temperature gradients in the graphite related to the presence of nuclear radiation.
Conclusions
FBG sensors have already shown very promising radiation tolerance under accelerated gamma radiation. In the present work, the long-term reliability under low mixed gamma neutron fields has been assessed. The spectral characteristics of the FBGs written in naturally photosensitive fibre have reached a long-term stability. The temperature sensitivity was found to remain unaffected by the long-term irradiation. We obtained a temperature measurement accuracy better than 3
• C, which is acceptable for many temperature measurement applications in nuclear installation monitoring.
